Study design: Controlled, repeat-measures study. Objectives: To determine if functional electrical stimulation (FES) can affect bone atrophy in early spinal cord injury (SCI), and the safety, tolerance and feasibility of this modality in bone loss remediation. Setting: Spinal Injuries Units, Royal Adelaide Hospital and Hampstead Rehabilitation Centre, South Australia. Methods: Patients with acute SCI (ASIA A-D) were allocated to FES (n ¼ 23, 2879 years, C4-T10, 13 Tetra) and control groups (CON, n ¼ 10, 31711 years, C5-T12, four Tetra). The intervention group received discontinuous FES to lower limb muscles (15 min sessions to each leg twice daily, over a 5-day week, for 5 months). Dual energy X-ray absorptiometry (DEXA) measured total body bone mineral density (tbBMD), hip, spine BMD and fat mass (FM) within 3 weeks, and 3 and 6 months postinjury. Results: FES and CON groups' tbBMD differed significantly at 3 months postinjury (Po0.01), but not thereafter. Other DEXA measures (hip, spine BMD, FM) did not differ between groups at any time. No adverse events were identified. Conclusion: Electrically stimulated muscle activation was elicited, and tetanic effects were reproducible; however, there were no convincing trends to suggest that FES can play a clinically relevant role in osteoporosis prevention (or subsequent fracture risk) in the recently injured patient. The lack of an osteogenic response in paralysed extremities to electrically evoked exercise during subacute and rehabilitation/recovery phases cannot be fully explained, and may warrant further evaluation.
Introduction
Electrical stimulation has a long history in the diagnosis [1] [2] [3] and treatment of disorders [4] [5] [6] of the central nervous system. The application of this physical modality in the rehabilitation of people with spinal cord injury (SCI) has been extensively studied as a 'functional therapy'. [4] [5] [6] [7] Clinical and experimental studies indicate that neuromuscular electrical stimulation can both affect and effect changes in muscle fibre contractile properties 4, 8 and metabolism, 9, 10 as well as responses at physiological 5, 6 and functional levels. Although well studied, 7, [11] [12] [13] there is conflicting evidence about the efficacy of electrically evoked muscle activation in the stimulation of bone metabolism (bone formation and/or reduction of bone loss), and the clinical role of functional electrical stimulation (FES) in the treatment of osteoporosis resulting from neurological damage. The reason for this conflict may be that bone metabolic abnormalities may be time dependent [14] [15] [16] or as-yet-unexplained factors affect the osteogenic response to mechanical strain. Alternatively, as it is well known that exerciseinduced bone effects are mode and dose dependent, and the exercise modes or doses used and/or tolerated by the patient with SCI may have been subtherapeutic.
Fracture, and bone densitometry data suggest that early bone loss interventions will be required to prevent SCI osteoporosis. [17] [18] [19] [20] Dual energy X-ray absorptiometry (DEXA) (research based and clinical) confirms a rapid decline in lower extremity bone mineral density (BMD) in the initial 6 to 18 months after injury, resulting in osteopenia and susceptibility for fracture. 17, 18, 21 Preliminary data suggest that antiresorptive agents (aminobisphosphonates) may ameliorate SCI bone loss. [22] [23] [24] However, there are still many clinical uncertainties about the optimal time for the initiation of bone loss prevention protocols, and appropriate avenue(s) for early remediation.
This study aimed to explore the use of FES in the first 6 months following acute SCI, and its potential to alter the well-described course of postinjury bone loss. The data were examined in two phases: acute/subacute (3-12 weeks), and rehabilitation/recovery (3-6 months). The discontinuous FES protocol was safe and well tolerated; however, the low-intensity exercise intervention showed limited potential to delay or prevent bone loss, as measured by DEXA.
An apparent lack of therapeutic efficacy may be explained by protocol inadequacies, or Type 2 error due to low statistical power, or the limited period of observation. A discrepancy between the postulated and observed responses to exercise may also be attributed to technical, or physiological limitations to electrically evoked muscle activation (small amount of muscle mass, axonal degeneration, contractile properties). Further study may be required to explore the underlying mechanisms of SCI bone loss in acute/subacute and recovery phases, and clinically relevant avenues for early intervention.
Methods

Study design
The study was performed using a nonrandomised, controlled, repeat-measures design.
Methodology
Blinding was rejected for two reasons. Firstly, the electrical stimulus elicits obvious muscle contraction, which cannot be replicated by a 'placebo' device. Secondly, there were ethical concerns about intervention and nonintervention patients receiving treatment (or denial of perceived benefit) at the same time in the rehabilitation setting. As a result, intervention and control (CON) groups were enrolled nonconsecutively.
Subject selection
In all, 33 patients were recruited from acute admissions to the Spinal Injuries Unit of the Royal Adelaide Hospital (SIU) between 1997 and 2001. Male and female patients aged 18-55 years with a spinal cord lesion above L1 were eligible for participation. Patients with a deteriorating neurological condition, known osteoporosis, associated lower limb or pelvic fracture(s), medical condition(s) influencing bone metabolism and/or medical contraindications to exercise were excluded. Table 1 shows demographic, injury (lesion) and functional data by study group (FES: n ¼ 23; CON: n ¼ 10; aged 28.679 and 31711 years, respectively, at arrival). These patients were transferred to the SIU, either directly from the site of injury or via an initial assessment facility, arriving within 2 days of sustaining their injury. Methylprednisolone was administered according to the acute SCI protocol 25 and all patients were anticoagulated initially. At 3 weeks postinjury, maximal intensity electrical stimulation tests were performed at quadriceps femoris and anterior tibial motor points to ascertain whether a 30 Hz frequency could evoke tetanic muscle contraction (see below -FES protocol). Patients who 
Measurement protocol
Apparatus BMD measurements were performed using DEXA (GE-Lunar Expert XL, Lunar Corp, Madison, WI, USA). System precision was monitored on a weekly basis using an aluminium spine phantom. Reproducibility was estimated as between 1 and 2% throughout the study period (4 years in total). Coefficient of variability (CV) was estimated as 0.5% for total body BMD, 2% at the hip and 4% at the spine. Total radiation burden to participants was very small (approximately 0.2 uSv). Scans were analysed using Expert 1.92 software by an operator (CS) who was blinded to the protocol.
Measurement parameters BMD measurements were taken for the total body, lower extremity region, and anteroposterior (AP) lumbar spine (L2-4), femoral neck and proximal femur. The left limb was selected as the preferred side for measurement; laterality was rejected as a confounding variable. Measures were performed at entry (within 3 weeks postinjury), 6 weeks, and 3 and 6 months postinjury.
Clinical measures Protocol adherence (PA) was calculated as the percentage of cumulated exercise sum (hours per week) from a maximum of two and a half hours per week. Retention to study, reasons for attrition and complication frequency were also determined. The Functional Independence Measure (FIMt) 26 and ASIA motor scores 27 were obtained at hospital discharge.
Analyses
The 'intention to treat' principle was applied. As bone complications, for example, heterotopic ossification, scoliosis, osteomyelitis, arthroses, internal fixation of bone, can influence DEXA precision, 28, 29 International Society for Clinical Densitometry (ISCD) scan artefact criteria were applied and scans were extracted accordingly (periarticular hip artefact n ¼ 5, two FES, three CON). Percentage change (%) BMD was derived from baseline BMD (g/cm 2 ) and % fat mass (FM) from total body mass (g). Analysis was performed using the Statistical Software for Social Scientists (SPSS) Base 11.5 version. Student's t-tests (two-tailed) were applied at each data point to test for between-group effects. A probability of Po0.05 was taken as statistically significant.
Results
Recruitment and retention
We recruited 33 male and female patients from acute admissions to the SIU 1997-2001. A further 44 eligible candidates declined invitation to take part. Table 1 shows patient characteristics by study group. The average age of FES and CON groups did not differ significantly at admission (FES 28.678.6 years, CON 31.0710.7). Although males were over-represented, the male to female ratio in each group was essentially the same (CON 11:1, FES 10:1). PA together with bone complications accounted for similar within-group attrition (PA FES 17%, CON 13%; complication FES 17%, CON 10%).
In the FES group, four patients were withdrawn owing to medical complications unrelated to the exercise regime, and three for protocol violation (PA). In the CON group, one patient was withdrawn owing to a medical complication, and two noncompliance (PA) with ward protocols. Bone complications did not show apparent group trends (heterotopic ossification (n ¼ 5; two FES, three CON), osteomyelitis (n ¼ 1; one FES, zero CON) and hypercalcaemia (n ¼ 1; one FES, zero CON)).
Stimulation response
The low-intensity (bi-daily) FES exercise protocol was tolerated acutely and well accepted during physical rehabilitation. Patients demonstrated brisk FES-evoked muscle tetany while still showing clinical evidence of spinal shock. Pretreatment, treatment and postexercise observations confirmed that physiological parameters (HR, BP and O 2 saturation) remained within medically acceptable ranges. All patients achieved the target exercise interval of 15 min per limb per session within 2 weeks of commencing the FES protocol. Relatively few problems were encountered with skin irritation or muscle trauma (one patient developed a small haematoma that resolved with rest). No serious medical complications were attributed directly to the stimulation protocol or study participation.
Patients averaged 3 h of exercise per week (range 1-5 h per week, or completed 61% of scheduled sessions) throughout their admission. Although all patients with tetraplegia were hospitalised for the study duration (6 months), most with thoracic lesions were discharged (the mean length of stay was 17 weeks). After discharge, two FES subjects withdrew owing to time commitments and another was lost to follow-up.
Bone mineral density Table 2 shows BMD data for CON and FES groups as percentage change from study baseline. A significant difference was identified between CON and FES groups' total body BMD at the subacute 3-month point (Po0.01), but this early trend did not persist. No between-group differences were identified in lower extremity or hip BMD at the 3-or 6-month points. CON and FES groups lost À4.772.7 versus À7.173.1%, respectively, of their lower extremity BMD, in the first 6 months of injury (P40.05). Similar trends were seen at the hip during the same period (CON BMD À8.477.6 and FES À10.874.6%, P40.05). Table 2 also shows total FM and regional FM for CON and FES groups. Total FM did not significantly differ between FES and CON groups at acute/subacute, or rehabilitation/recovery sample points (at the 6-month point, CON FM 279 versus FES 676%, P40.05). Furthermore, although DEXA cannot discriminate intraosseous and extraosseous fat fractions, no significant differences were identified between groups' regional FM (at the 6 month point lower extremity CON FM 679% and FES 877%, P40.05). As total body water (TBW) content can vary postinjury, variations in fluid load may affect DEXA LBM and DEXA lean body mass (LBM) estimates include TBW, analysis of LBM data was not meaningful.
Body fat and lean mass
Discussion
Pathological fracture risk in the SCI population has directed clinical attention towards fracture diagnostic thresholds, and avenues for osteoporosis prevention 22, 30, 31 and treatment. 7, 12, 13, 23, 32 Physical modalities (standing, FES cycle ergometry, 11-13 vibration 32, 33 ) and pharmacological agents (amino-bisphosphonates [22] [23] [24] ) have been proposed as measures to slow the rapid loss of lower extremity bone after SCI. Although research data for patients with chronic SCI 12, 13 suggest that FES could play an adjunctive role in the early clinical management of SCI bone loss, relatively few studies have evaluated the safety or efficacy of FES in the patient recently injured. 30 Furthermore, very little is known about bone responses to exercise stress during the clinically relevant SCI acute/subacute and rehabilitation/recovery phases, and if these responses are time, dose or mode dependent.
Uncertainties about the optimal time for the implementation of bone loss prevention protocols, and the appropriate treatment modality after SCI represents a problem for the clinician tasked with determining 'best practice' in rehabilitation medicine. As the implementation of physical modalities can be resource intensive, cost-benefits and effective resource allocation (time and equipment) in the rehabilitation and community setting are also a consideration. This study aimed to address clinical uncertainties about the role of physical modalities in the management of early SCI bone loss, by determining its potential to affect bone atrophy in acute/ subacute or rehabilitation/recovery phases; and the therapeutic safety, tolerance and feasibility of this modality in bone loss remediation.
Therapeutic safety and tolerance of lower limb FES during acute/subacute SCI or rehabilitation/recovery As determined clinically and by physiological measures, the low-intensity FES protocol was well tolerated by patients with early SCI. No problems were encountered, in relation to adverse physiological effects, or tissue Between-group t-tests, two-tailed, **Po0.01
Physiological effects of electrical stimulation in SCI JM Clark et al trauma in proximity to the electrode interface. Study retention was similar in CON and FES groups, as well as reasons given for attrition. Taken together, these data suggest that FES is well tolerated by patients with early SCI and that it can be applied to condition recently paralysed muscle groups. As muscle conditioning is time dependent, 4, 34 there was a delay between initiation of the FES regime and attainment of a relatively modest cumulative exercise sum. Muscle atrophy, 8 together with the relatively small amount of muscle mass activated by surface FES protocols 4 and hypothalamic-pituitary-axis abnormalities, [35] [36] [37] may interact with residual potential for clinically relevant muscle hypertrophy, required for therapeutic efficacy.
Feasibility of lower limb FES as a treatment modality within a rehabilitation programme Physiological efficacy was substantiated in the phase of spinal shock, thus identifying lesion level (below T12) as the definitive contraindication for clinical FES applications. As the FES protocol was standardised to physiological tolerance in early SCI, intensity, mode (addition of resistance, loading, incremental exercise) and cycle ergometry protocols were not explored. Additionally, 'novel' stimulation frequencies, 32, 38 physical modalities and pharmacotherapies with osteogenic potential outside the exercise physiology window were not explored. Although the FES-elicited muscle activation pattern was reproducible, an effect sustained in acute/subacute or rehabilitation/recovery phases, potential for 'habituation' 39, 40 to the 30 Hz frequency cannot be ruled out. As shown by compliance statistics, the exercise protocol was well tolerated and integrated into acute and rehabilitation settings. Thus, clinical observations suggest that FES is a feasible treatment modality within a rehabilitation programme; but study data do not support the application of FES in early bone loss remediation, at least not as a single modality.
Potential for lower limb FES to interact with clinical outcomes Differences in spontaneous recovery and active physical rehabilitation prevented meaningful analysis of the clinical and functional data. However, there was an impression of clinical benefit in the intervention group. The introduction of a 'placebo stimulus' was rejected owing to the obvious nature of FES intervention, and the placebo effects of exercise regimes per se. 41, 42 Thus, any perception of well being or benefit derived from FES application may be attributed to a 'placebo effect'. 42 Alternatively, perception of benefit may be attributed to social participation 41, 42 (opportunities for social interaction or additional clinical attention). As there was also an impression of contrary effects within the CON group (adjustment to injury, possibly explained by a perception of denial of a therapeutic benefit), these preliminary observations suggest that unblinded research in the rehabilitation setting (but not necessarily the FES protocol per se) may interact with the well being of the recently injured patient.
Potential for lower limb FES to affect postinjury bone atrophy A hip BMD decline of À8.5 and À11% during the first 6 months postinjury in CON and FES groups, respectively, illustrates the relatively low potential for FES exercise to alleviate the early bone atrophy. These DEXA data are in agreement with the annualised hip BMD data reported by cross-sectional studies. 17 Several studies 12, 13 suggest that FES-evoked repetitive contractions can promote bone adaptation at sites of muscle attachments/insertions, in patients with established osteoporosis. The BMD of the proximal tibia, distal femur and cortical diaphysis were not measured in our study, an acknowledged limitation of commercially available DEXA software. However, although physiologically significant, it is unclear whether small focal BMD increments in response to FES are clinically relevant to fracture prevention. Studies of FES effects upon other bone strength properties (bone size, geometry, architecture) and clinical end points such as SCI fracture frequency and distribution [43] [44] [45] [46] may resolve this question.
Effects of fat mass and lean mass upon BMD measures
Although the total body fat mass of both CON and FES groups increased postinjury, there was no evidence that the FES exercise protocol protected participants against fatty involution. Thus, between-group differences in total BMD at 12 weeks postinjury could not be attributed directly to differences in weight loss or gain. Furthermore, there was no indication in these SCI groups of a mechanistic effect in which body fat protects against bone atrophy, as suggested by data for ambulant cohorts.
The DEXA CV for BMD in sites of interest in our study was very low. However, it has been suggested that soft-tissue variation and disproportionate marrow fat fractions 47 may increase DEXA's potential for systematic measurement inaccuracies. Although changes to apparent soft-tissue densities 39, 48, 49 and marrow constituents are known to occur during the acute/subacute injury phases, FM and BMD did not differentiate FES and CON groups at either subacute or rehabilitation/ recovery points. Ex vivo study would be required to determine the potential for systematic DEXA measurement errors to explain these results. DEXA's proven track record was considered from aspects of patient radiation safety and likelihood of ethics approval. As DEXA measurement of bone mineral density is noninvasive, highly reproducible, and radiation dose is low, it was selected in preference to computed tomography (CT). Peripheral quantitative computed tomography (pQCT) was not available, but portable densitometers may offer a means to explore the natural history of bone loss in acute/subacute or rehabilitation/recovery phases.
Effects attributed to pharmacotherapies and motor recovery Experimental and clinical evidence shows that glucocorticoid exposure has effects upon bone strength; however, it is also known that the magnitude of that effect is dependent on the dose and duration of therapy. Although it is unlikely that transient exposure to methylprednisolone (MP) has clinically significant implications for bone atrophy, the acute intravenous MP protocol may be responsible for corticosteroid myopathy. 50 Peripheral nerve damage as a complication of SCI may have implications for muscle activation in the acute/subacute phase of this evaluation. However, patients with absent or inadequate muscle responses to maximal FES stimulation did not enter the study. Quadriceps muscle torque and force-length relationships were not measured (by strain gauge). Although a study by Gerrits et al 39 indicates reliability for 'handheld' dynamometers in the evaluation of FES-evoked muscle contractile properties (contractile speed, tetanic tension, fatigue resistance), this technique was validated after the commencement of study. As both FES and CON groups were representative of acute SCI admissions (ASIA A-D), recovery-dependent differences in quadriceps muscle torque and force-length relationships do not fully explain the failure to differentiate betweengroup effects at acute/subacute or rehabilitation/recovery measurement points that may be attributed to the exercise protocol.
Summary of FES effects upon BMD
Our standardised FES protocol showed low therapeutic efficacy to alleviate bone loss during the critical early window for prevention. Although this apparent lack of therapeutic efficacy may be explained by Type 2 error or protocol inadequacies, the discrepancy between the postulated and observed response to exercise may also be attributed to overlapping behavioural, physical, endocrine [35] [36] [37] 51 or physiological effects [52] [53] [54] relative to acute/subacute or rehabilitation/recovery phases. Further study is warranted to explore the mechanisms underlying the low therapeutic efficacy of FES to promote clinically relevant bone remodelling in the present study. Taken together, physiological evidence for 'blunted' bone responses to low-intensity exercise stress could suggest a multifactorial aetiology in this therapeutic window, thus raising questions about clinical requirements for combined approaches to remediation.
Conclusion
In summary, the low-intensity, discontinuous FES protocol was safe and well tolerated, but the protocol did not appear to delay or prevent early lower extremity bone loss, as measured by DEXA. An apparent lack of therapeutic efficacy may be explained by protocol inadequacies or Type 2 error due to low statistical power. Modest between-group differences were identified in total BMD at the subacute sample point, which may be attributed to Type 1 error. Taken together, these DEXA data do not indicate a clinically relevant role for exercise, as elicited by FES, in the remediation of early SCI bone loss.
Lastly, there were no convincing BMD trends to suggest that FES after acute SCI forestalled or reversed the onset or postinjury progression of lower extremity bone loss or subsequent pathological fracture risk. The data could indicate that the early period is not conducive to an osteogenic response, which cannot be fully explained. Alternatively, the data may indicate that FES-induced bone effects are mode or dose dependent, and that the modes or doses used and/or tolerated in this critical early window were sub-therapeutic. Although there are still many uncertainties about safe, efficacious, well-tolerated and cost-effective avenues for osteoporosis treatment, as well as the optimal time for the implementation of bone loss prevention protocols, these data do not substantiate a clinically relevant role for FES in the early prevention of osteoporosis. As discrepancies between the observed and expected responses to exercise are consistent with a complex pathogenesis, at least initially, the lack of a therapeutic effect could suggest a requirement for multimodal bone loss prevention and treatment avenues.
